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Abstract. We study the optical excitation of high-order surface plasmon resonance modes in 
individual Ag nanorice particles using dark field scattering spectroscopy. We analyse the results by 
model calculations using the boundary element method. Symmetry breaking caused by oblique 
illumination makes the even order resonance modes observable in the optical spectrum. All the 
resonance peaks are found to redshift with increasing length of the particle.  
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Low dimensional metallic nanostructures have been of considerable interest during the last decade 
owing to their support of propagating and localized surface plasmon polaritons (SPPs), collective 
oscillations of electron gas, at the metal-dielectric interfaces.
1
 The localized surface plasmon 
resonances (LSPRs) in metal nanoparticles (NPs) can result in a drastically enhanced 
electromagnetic field, which is the physical basis for surface-enhanced Raman scattering (SERS)
2-4
 
and fluorescence.
5, 6
 The LSPRs of single NPs depend strongly on their size, shape, material, incident 
excitation and environment,
7-9
 which facilitates their  applications in ultrasensitive sensing,
10, 11
 
surface-enhanced spectroscopy
12, 13
 and catalysis.
14
 
  Among all possible nanoparticle topologies, quasi one-dimensional nanostructures, i.e. 
nanorods,
6, 15-20
 nanorice
21
 and nanowires,
22, 23
 have attracted significant interest, due to their highly 
tunable LSPRs and potential to serve as optical waveguides below the diffraction limit. Previous 
investigations of these structures have mainly focused on the dipolar resonances in small NPs, while 
multipolar plasmon resonances have only recently begun to attract attention. Multipolar plasmons in 
nanorod arrays
24
 and colloidal ensembles
25
 have been investigated by extinction spectroscopy in 
different sets of nanorods. In those experiments, the separation distance between nanorods was large 
to avoid interparticle interactions, and different  angles of incidence were naturally used on the 
collections of nanorods, making higher order modes observable, including the usually forbidden even 
 3 
modes (forbidden at normal incidence due to symmetry).. More recently, the plasmon modes in 
individual nanorods and nanowires were studied by photoemission electron microscopy (PEEM)
26
 
and aperture-less scanning near field optical microscopy (aSNOM).
18, 27
  These investigations have 
shown the existence of high-order localized modes, which are totally analogous to Fabry-Pérot (FP) 
modes arising from the reflections between the two ends of the elongated metallic particles.  
In this work, we spectroscopically characterize the optical properties of single Ag nanorice 
particles. Multipolar longitudinal plasmon resonances in individual rice-shaped nanoparticles are 
detected by dark-field (DF) scattering spectroscopy. With the increase of particle length, the plasmon 
resonances redshift and higher order resonance peaks appear. The experimental findings are in 
excellent agreement with theoretical simulations. To the best of our knowledge, it is for the first time 
that multipolar plasmon resonances are revealed in chemically synthesized single nanoparticles by 
means of DF scattering spectroscopy. 
 
High throughput synthesis of Ag nanorice was recently reported,
28
 using poly (vinyl pyrrolidone) 
(PVP) as surfactant and poly (ethylene glycol) 600 (PEG 600) as reducing agent. The synthesized Ag 
nanorice particles are centrifuged in ethanol three times to remove the adsorbed chemicals, and 
finally dispersed in ethanol. Figure 1a shows a typical scanning electron microscopy (SEM) image of 
the Ag nanorice particle. The average length is about 320 nm and the width is about 60 nm. The UV-
Visible-Infrared extinction spectrum of nanorice ensembles in ethanol shown in Figure 1b was 
measured on a VARIAN Cary5000 spectrometer. A broad absorption peak in near infrared at a 
wavelength of around 1500 nm can be easily identified as the longitudinal dipolar resonance. Both 
non-homogenous broadening from size/shape distribution and radiative decay in each particle 
contribute to the spectral broadening of the resonance. As will be demonstrated below using 
simulations, the sharp transverse mode at a wavelength of about 385 nm is a superposition of several 
transverse modes and the weak shoulder at a wavelength of about 860 nm is a mixture of multipolar 
plasmon resonances of different orders.  
The dark-field experiment setup is based on a Leica DM LM microscope and schematically shown 
in Figure 1c. Non-polarized white light from a halogen lamp was directed from the bottom into a 
 4 
transmission type dark-field condenser (Olympus, 1.2-1.4 NA). The light scattered by the sample 
was collected by a 50× objective (Leica, 0.75 NA) and directed to a confocal Raman spectroscopy 
system (Renishaw, inVia) equipped with a 1800-line /mm grating with an air-cooled CCD. Figure 1d 
shows a typical dark field image for Ag nanorice particles. To study the scattering properties of 
individual nanorice, a more sparse particle density was used. The nanorice particles in ethanol were 
dispersed on 3-aminopropyltrimethoxysilane (APTMS) coated ITO glass substrate.
29
 Then, a 
commercial copper grid (Ted Pella, Inc., Redding, CA) with clear markers is attached on the sample, 
guaranteeing the direct correlation of dark-field spectra to the SEM images.  
 
 
 
Figure 1. (a) SEM image of Ag nanorice. (b) UV-Visible-infrared spectrum of the nanorice 
ensemble in ethanol. (c) Schematic drawing of the dark-field setup. (d) Dark field image of Ag 
nanorice.  
 
To theoretically analyze the experimental results, we perform extensive simulations of the optical 
extinction cross section of an individual particle with the boundary element method (BEM).
30
 All the 
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nanorice were assumed to be perfect spheroids. The propagating direction and polarization of the 
incident plane wave were both aligned 45° with respect to the spheroid axis, a configuration that 
allows the simultaneous excitation of both transverse and longitudinal modes of arbitrary orders.
31
 
The spheroid widths were kept constant at 60 nm in all the calculations. The effect of the substrate 
was taken into account by assuming an effective index of refraction neff =1.2585 for the medium 
surrounding the nanoparticle, obtained by from a simple average of the air and substrate dielectric 
constants eff  = ( air + Glass)/2.  
 
Measured scattering spectra of nanorice of various dimensions and the corresponding SEM images 
are shown in Figure 2. For small particle sizes, the longitudinal dipolar resonance (l=1) at =794 nm 
is apparent (see Figure 2a). Similar to single particle studies on small gold nanorods,
32, 33
 this dipolar 
mode exhibit significant radiative broadening. Due to the oblique excitation, symmetry-forbidden 
modes of even parity become optically active, as labeled l=2 and l=4 in Figure 2b-d.
31
 With 
increasing length of the particle, the second order resonance peak grows in amplitude and red-shifts, 
and the third (l=3) and the fourth (l=4) order longitudinal resonance peaks appear in the spectra 
(Figure 2c and 2d).  In Figure 2e, DF spectra of six nanorice particles of different lengths are shown, 
in which the redshift of the l=2 and l=3 resonances can be clearly seen. BEM calculations of the 
optical extinction in a larger spectral range also show these peak shifts (Supporting Information, 
Figure S1). 
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Figure 2. Non-polarized dark field scattering spectra of Ag nanorice of various lengths: (a) 170 nm, 
(b) 220 nm, (c) 361 nm, (d) 427 nm, (e) 300nm, 328 nm, 335 nm, 363 nm, 417 nm, 436 nm from i to 
vi, respectively. Longitudinal modes of different orders are well-separated and labeled l=1-4 in panel 
(a) to (d). Corresponding SEM images are shown in the insets. The scale bar is 200 nm. The dash 
lines in (e) are eye guides. 
 
 To make the mode assignments more clear, we plot the length of nanorice versus the experimental 
peak positions of the optical extinction obtained from DF spectroscopy for hundreds of single 
nanoparticles, as shown with black points in Figure 3. The experimental dots fall into four distinct 
bands, divided in the figure by white dashed lines. These bands can be associated to four well-
defined orders of plasmon modes, similar to previous studies on rod-shaped particles.
24, 25
 A contour 
plot of the extinction cross-section of 60 nm-wide nanorice of various lengths calculated by BEM is 
presented as the background of Figure 3. Excellent overall agreement with experimental data for the 
spectral position of the different orders is obtained. Longitudinal resonant peaks of different orders 
shift to the red with increasing particle length. The shifting rates decrease with the increase of the 
order of the resonance.  For clarity, the simulation data along the horizontal white dotted line in the 
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contour plot is drawn out and plotted as an extinction spectrum corresponding to a nanorice of length 
equal to 400 nm, which is shown at the bottom of Figure 3. 
 
Figure 3. (Top) Dependence of SPR peak positions on nanorice lengths. Black dots: Dark-field 
scattering peak positions of different resonance orders for nanorice particles of different lengths 
determined from experiments. Four distinct bands separated by the dashed white lines are apparent, 
each of which corresponds to a well-defined mode marked from l=1 to l=4.. Background: Extinction 
cross-section of individual nanorice (rice width equal to 60 nm) calculated from BEM simulations 
assuming an effective dielectric surrounding, neff=1.2585. Incident direction and polarization were 
both aligned 45° with respect to the symmetry axis of the nanorice. The white dashed lines are 
plotted for eyeguiding. (Bottom) Extinction coefficient extracted from the white dotted line on the 
top contour plot for a nanorice with a length of 400 nm. Two modes are clear in the spectrum for this 
length. 
 
Since the energy of SPRs here lies well below the interband threshold of Ag (3.86 eV), the 
damping of multipolar plasmon resonances in Ag nanorice can be attributed primarily to Drude 
 8 
damping and radiative damping. As shown in Figure 3, for a nanorice of a given length, lower order 
modes always present broader peaks and exhibit larger radiative damping. In this case, the nanorice 
acts as an effective antenna. On the contrary, as opbserved in the contour plot of Fig. 3, higher order 
modes can serve as high-quality electromagnetic  modes thanks to their lower radiative loss. For a 
given mode order l, the intensity of the peak grows with increasing nanorice length, and the radiative 
loss increases as well. Since the emission power is proportional to the square of the polarization 
momentum, within the description given by  a classical harmonic oscillators, stronger oscillator 
strength is therefore generated in longer particles. Thus, excitation of higher order modes will lead to 
higher local field confinement, one primary objective in both solar energy harvesting and enhanced 
spectroscopy, such as SERS and enhanced fluorescence.
34
  
For a better understanding of the multiple SPRs in nanorice, we calculated the electric near-field 
distributions for a nanorice of 500 nm length and 60 nm width. The excitation configuration is 
shown in Figure 4a, where incident plane wave is at an angle  with respect to the main axis of the 
particle, while linear polarization is kept within the incident plane. The extinction cross-section in 
Figure 4b shows the resonance positions under oblique excitation ( =45  is selected as a 
representation of the oblique incidence). Five distinct longitudinal resonances at wavelengths  of 
1717.5 nm, 972.5 nm, 715 nm, 590 nm and 519 nm are obtained in the extinction spectrum, 
corresponding to the first five multipolar modes. The peaks at =362.5 nm and =389 nm (cyan lines 
in the left-hand side inset of Figure 4b) are transverse modes, and do not show significant shifts with 
particle length. It should be noted that under normal incidence (  = 90°), with polarization aligned 
along the nanorice axis, only odd modes (l=1, 3, 5, indicated by green lines in Figure 4b and the 
inset) can be excited. Both the longitudinal even modes (l=2, 4, red lines in Figure 4b and the right-
hand side inset) and transverse modes at =362.5 nm and =389 nm are absent in the spectrum in the 
case of normal incidence due to symmetry reasons (Supporting Information, Figure S2a). For oblique 
excitation, the relative intensity of different peaks depends on the angle of incidence (Supporting 
Information, Figure S2b). In the zoom plot of the transverse modes (left-hand side inset of Fig. 4b), it 
can be seen that the peak at =362.5 nm is quite broad and looks like a superposition of different 
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modes. To get more insights about these transverse modes, we improved the resolution in the 
simulations and calculated the activation of transverse modes in different excitation configurations 
(Supporting Information, Figure S3). The results of thesecalculations show that the actual position of 
the first transverse mode peak is at =381.5 nm. The indentification of the nature of the different 
modes can be easily done by analyzing the near-field distribution around the nanorice.  
Complementary to the incidence angle shown in Fig. 4b, and since the spectral position of the modes 
does not change significantly (Supporting Information, Figure S2c), we choose different incident 
angles to show the near-field distribution of the modes in Fig. 4.c-h. The selected incidence angles 
(displayed on the top left-hand side of each plot) correspond to cases where the particular mode 
under study is excited very efficiently, i.e. situations where the strength of a given mode is large. 
Quasi standing wave patterns are clearly observable in the normalized near field plots of Figure 4c-h. 
As expected, for normal incidence ( =90
o
) odd-order modes are excited (Fig. 4c,e,g). The o dipolar 
mode (l=1 in Fig. 4c) presents a node at the center of the particle, while two, three, four and five 
nodes are present for the second (l=2 in Fig. 4d), third (l=3 in Fig. 4e), fourth (l=4 in Fig. 4f) and 
fifth (l=5 in Fig. 4g) longitudinal modes respectively. Oblique incidence induced symmetry breaking 
ensures the excitation of otherwise forbidden modes, (see Figure 4d and 4f for an incidence of 
=70
o
). The near-field distribution corresponding to the excitation of a transverse mode is also 
displayed in Fig. 4h allowing for inmeediate identification of its transverse nature. An important 
point to consider derived from the near-field distribution calculated around the nanorice, is that 
electromagnetic energy penetrates drastically into the surrounding medium mainly at the nanoparticle 
ends enabling possibilities for applications of these particles in sensing.  
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Figure 4. (a) Schematics of the geometry used in the simulations. (b) Simulated extinction cross 
section for particle of  500 nm length and 60 nm width and an incident angle =45
o
. The inset to the 
right-hand side is a zoom of the 4
th
 and 5
th
 longitudinal modes, whereas the inset to the left-hand side 
is a zoom of the transversal modes. (c-h) Local electric field distribution in the plane x-z induced by 
oblique incidence excitation at different incident angles  at the resonant wavelengths  marked in 
(b). The angles of incidence for the near-field distributions are selected to give emphasis to the 
particular mode under study. 
 
In summary, we have observed high-order surface plasmon resonance modes in Ag nanorice 
particles. Recently, some interesting applications based on the elongated taper-ended nanostructures 
have been theoretically proposed, such as single atom trapping,
35
 metamaterials for optical 
cloaking
36
 as well as subwavelength color imaging.
37
 We suggest that Ag nanorice is a highly 
suitable substrate for LSPR sensing, due to the high sensitivity of the longitudinal resonances on the 
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surrounding environments (Supporting Information, Figure S4, S5). For a nanorice of 400 nm length 
and 60 nm width, the peak shifts for the l=1 longitudinal mode is 1114 nm per refractive index unit, 
which is more sensitive to the environmental refractive index change than that reported in 
literatures.
38-40
 The multipolar plasmon resonances in the visible to near infrared range also make 
nanorice particles suitable as substrates in surface-enhanced spectroscopy applications (Supporting 
Information, Figure S6).  
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